A 300-yr simulation with the NCAR Climate System Model (CSM), version 1, captured only ϳ60% of the observed ENSO signal and exaggerated the interannual variability of SST in the western tropical Pacific. Here, a simulation with a new version of the CSM, which significantly improves the spatial and temporal patterns of tropical Pacific variability, is described. Maximum SST variability is shifted to the central and eastern Pacific. A better simulation of the equatorial Pacific thermocline structure results in Niño-3 and Niño-4 statistics comparable to the observed estimates for the last century. The evolution of SST and subsurface temperature anomalies is in excellent agreement with observed events. The majority of events evolve as a standing mode with weak SST anomalies occurring in the northern spring in the eastern tropical Pacific and maximum anomalies covering the eastern tropical Pacific Ocean to the date line by the following northern winter. At the same time, subsurface temperature anomalies spread eastward and upward along the tropical thermocline. The ''delayed oscillator'' and Wyrtki's ''buildup'' hypothesis are consistent with aspects of the CSM simulation. On the equator, a westerly wind stress anomaly in the central Pacific forces off-equatorial upwelling anomalies, which propagate westward, reaching the western boundary about one-half year later. This upwelling signal then propagates eastward along the equator, arriving 2 months before cooling in the eastern Pacific basin. The tropical Pacific atmospheric response to warm oceanic events also agrees with observational analyses with a negative Southern Oscillation pattern in sea level pressure, wind stress anomalies, and low-level convergence to the west of the maximum SST anomalies and enhanced deep convection and precipitation in the central and eastern tropical Pacific.
Introduction
The coupled ocean-atmosphere response of the El Niño-Southern Oscillation (ENSO) phenomena of the tropical Pacific explains a significant portion of the interannual variability in the present climate system. Large warming and cooling events of the surface layers of the eastern and central equatorial Pacific Ocean occur irregularly every 2-7 yr and usually last 12-18 months with peak anomalies during the northern winter (Cane 1986; Trenberth 1996; Wallace et al. 1998) . Concurrent with these sea surface temperature (SST) changes are changes in the strength of the trades, longitudinal shifts in the areas of deep convection and rainfall, and a westeast seesaw of pressure, the Southern Oscillation, across the tropical Pacific. Shifts in convection affect the general circulation at midlatitudes impacting extratropical temperatures and precipitation.
With the advent of an improved ocean observing sys-tem in the Tropics, such as the Tropical AtmosphereOcean (TAO) moored array, subsurface temperature anomalies associated with warm and cold events of ENSO have been identified. Subsurface anomalies at depths to ϳ400 m at the date line spread eastward and upward along the tropical Pacific thermocline and intensify on timescales of 12-18 months (McPhaden et al. 1998) . Additional advances in our understanding of ENSO have come from models of intermediate complexity, which have explained the evolution of anomalies as a combined consequence of coupled instabilities and equatorial wave dynamics in the upper ocean. The most realistic ENSO oscillation regime in these models has a standing oscillation in SST with subsurface memory carrying the oscillation between phases (Neelin et al. 1998) . A modest change in the model parameters also allows for slight eastward or westward propagation as observed (Neelin et al. 1998) . Early coupled general circulation models (GCMs) traditionally underestimated the variability associated with ENSO (Tett 1995; Meehl 1990; Yukimoto et al. 1996; Knutson et al. 1997) . Early coarse resolution models typically had SSTs systematically propagating westward with upwelling and advection providing the dominant mechanisms in producing ENSO-like oscillations (Meehl 1990; Lau et al. 1992) . Others captured some aspects of the evolution of subsurface temperature VOLUME 14 J O U R N A L O F C L I M A T E anomalies associated with ENSO but with reduced amplitude and vertical structures differing from observed (Knutson et al. 1997) . The first simulations with the National Center for Atmospheric Research (NCAR) Climate System Model (CSM) captured only 55%-60% of the observed variability in the Niño-3 region (Meehl and Arblaster 1998; Otto-Bliesner 1999) . In addition, the greatest SST variability was centered near 160ЊE in the western Pacific. Correspondingly, the largest positive precipitation anomalies during CSM warm events were located over the western Pacific warm pool with important consequences for midlatitude teleconnections.
Obtaining the most realistic coupled model behavior with respect to tropical variability is an important goal in coupled modeling. Along with improved tropical ocean observing systems, more realistic coupled models can increase our understanding and predictive skill of ENSO. Global teleconnections, forced by anomalous diabatic heating of the atmosphere due to anomalously warm SST in the Tropics, may affect seasonal climate over the continents in midlatitudes. Thus, better predictions of ENSO may improve our seasonal predictions at these latitudes. Will ENSO variability and its effect on midlatitude climate change in the future? There is limited evidence from proxy data suggesting that some of the characteristics of ENSO variability may have changed over the recent past (Eltahir and Wang 1999; Hughen et al. 1999; Rittenour et al. 2000) . More realistic models will lead to a more complete understanding of past climates than can be obtained from limited proxy data.
In this paper, we report on a new simulation with the CSM, which exhibits ENSO variability comparable to observed. Section 2 describes the CSM model version used in this study as well as the prescribed external forcings. Section 3 briefly defines the capabilities of the model to simulate the mean tropical Pacific climate, both ocean and atmosphere, with particular attention to improvements in comparison with the 300-yr simulation with CSM, version 1. Details of the CSM simulation of the basic statistics of tropical Pacific variability, and in particular the ''Niño'' indices, are given in section 4. Sections 5 and 6 describe the coupled ocean and atmospheric responses.
Model description and experimental design
Simulations for this study were conducted with a version of the NCAR CSM, a global coupled atmosphereocean-sea-ice-land surface model. The atmospheric model is CCM3, the latest version of the NCAR Community Climate Model. CCM3 is a spectral model with 18 levels in the vertical. For these experiments, it was run at T31 resolution (an equivalent grid spacing of roughly 3.75Њ ϫ 3.75Њ). Details of CCM3 can be found in Kiehl et al. (1998) . The land surface model has specified vegetation types and a comprehensive treatment of surface processes (Bonan 1998 ).
The ocean model is the NCAR CSM Ocean Model (NCOM) with 25 levels, 3.6Њ longitudinal grid spacing, and latitudinal spacing of 1.8Њ poleward of 30Њ smoothly decreasing to 0.9Њ within 10Њ of the equator. NCOM uses the Gent-McWilliams eddy-mixing parameterization and a nonlocal K profile boundary layer parameterization. Details of NCOM can be found in . Our version also uses a spatially varying horizontal viscosity scheme (Large et al. 2001 ) and an ocean background vertical diffusivity of 0.1 cm 2 s Ϫ1 . The sea-ice model includes ice thermodynamics based on the three-layer model of Semtner and ice dynamics based on the cavitating fluid rheology of Flato and Hibler (Weatherly et al. 1998) . The ice grid is the same as the ocean model.
The simulation represents the conditions for preindustrial times (nominally year 1800). Trace gas concentrations, estimated from ice core records (Ice Core Working Group 1998; Fluckiger et al. 1999; Indermuhle et al. 1999) , are set for CO 2 at 280 ppmv, CH 4 at 700 ppbv, N 2 O at 275 ppbv, and no chlorofluorocarbons. The solar constant is set to 1365 W m Ϫ2 , and Milankovitch orbital parameters are set to be appropriate for year 1800.
The simulation used a spinup procedure modified from the 300-yr CSM simulation documented in Boville and Gent (1998) . First, the atmospheric and land models were integrated for 10 yr with present-day SSTs and sea ice extent. Daily values of the last 5 yr of this simulation were used to force the ocean-sea-ice simulation. The ocean component was started from a present-day equilibrium ocean simulation generated with observed atmospheric forcing. The ocean spinup simulation was run for 20 yr with the deep ocean accelerated by a factor of 50. A fully coupled simulation was initialized from these simulations. No flux corrections were applied. The simulation reported in this paper was started from year 60 of a coupled simulation with the ocean background vertical diffusivity set to 0.5 cm 2 s Ϫ1 and run an additional 150 yr with the background diffusivity reset to 0.1 cm 2 s Ϫ1 . Drift in tropical Pacific SSTs is less than 0.3ЊC century Ϫ1 .
Mean tropical Pacific climate
The observed pattern of SSTs of the tropical Pacific of a warm pool in the west and a cold tongue in the east are reproduced by the CSM, although the latter is too intense and extends too far westward, typical of many non-flux-corrected coupled GCMs (Fig. 1) . Errors in the simulation of SSTs are less than 1ЊC except along the west coast of South America where the model is too warm by 3Њ-4ЊC. The latter is related to underestimates in upwelling by the ocean model and in marine stratus clouds in the atmospheric model (Boville and Gent 1998) . The anisotropic horizontal viscosity formulation significantly improves the equatorial current structure (Large et al. 2001) . Levitus and Boyer (1994) . The contour interval is 2ЊC.
The change to the ocean background vertical diffusivity from 0.5 to 0.1 cm 2 s Ϫ1 in the simulation significantly improves the thermocline structure (Fig. 2) . The observed gradient measure of equatorial SSTs from 120ЊW to 155ЊE is reproduced in the CSM simulation with a model value of 5ЊC. The intensity of the thermocline is also well simulated in this version of the CSM in comparison with the 300-yr simulation. Meehl et al. (2001) have shown that this feature of the tropical Pacific is key to reproducing the Niño-3 variability. The thickness of the 16Њ-22ЊC isotherms in the upper thermocline at 155ЊW on the equator is 70 m, the same as for observations. Weaker zonal wind stress from 170Њ to 130ЊW reduces the westward extension of the cold VOLUME 14
Annual upper-ocean equatorial Pacific temperature structure (ЊC): (a) CSM, (b) Levitus and Boyer (1994) . Temperatures are averaged for 2ЊS-2ЊN. The contour interval is 2ЊC.
tongue ( Fig. 1 ) as compared with previous simulations but also results in a reduced slope of the thermocline and a shallowing of the 20ЊC isotherm in the western and central Pacific in the simulation discussed here (Fig.  2) . Precipitation simulated by the CSM in the tropical Indo-Pacific sector (not shown) captures the observed signature of wet conditions in the Indian Ocean and western Pacific and dry conditions over the colder waters in the eastern Pacific extending from the equator to ϳ30ЊS latitude along the South American coast (Meehl et al. 2001) . Precipitation is overestimated in the western Indian Ocean in December-February (DJF). Similar to the 300-yr simulation (Boville and Hurrell 1998) , the South Pacific convergence zone (SPCZ) is too zonal, eroding the observed oceanic net evaporative regions from 10Њ to 20ЊS in the eastern Pacific. The extension of the equatorial cold tongue too far west is reflected in dry conditions at the equator and a too prominent double ITCZ just east of the date line, although to a lesser extent in this simulation as compared with the 300-yr simulation. As noted by Meehl et al. (2001) , the double ITCZ in the eastern Pacific is a typical problem of many global coupled models without flux adjustments (Mechoso et al. 1995 ), but does not affect the amplitude of El Niño variability in the CSM. The upper-tropospheric velocity potential field and corresponding divergent wind field reveal the largescale outflows and overturnings simulated by the CSM over the tropical Pacific (Fig. 3) . The strong seasonally reversing Hadley circulations are evident in the simulation with flow from summer to winter hemispheres at VOLUME 14 
Measures of ENSO
Interannual variability of the tropical Pacific Ocean temperatures can be assessed by calculating the standard deviations of the monthly SST time series with the seasonal cycle removed (Figs. 4a, b) . Maximum observed variability occurs along the equator extending from the coast of South America to approximately 160ЊE. The CSM captures the structure and intensity of this variability but with maximum standard deviations at ϳ125ЊW. Variability along the South American coast is underestimated and in the central Pacific overestimated. The standard deviation of the depth of the 20ЊC isotherm (Fig. 4c ) compares favorably to the observations of Kessler (1990) and Meinen and McPhaden (2000) . The equatorial maximum in the model is 10-12 m, located in a narrow tongue of a few degrees width extending from about 90ЊW to the date line. In the western Pacific, the model shows maxima of about 10-12 m located off the equator in a broad region at about 5ЊN and 5ЊS. The locations of the maxima compare favorably with recent observations (Meinen and McPhaden 2000) . These more recent data show larger amplitude on the equator as compared with the model by a factor of 2, whereas the Kessler (1990) observational analysis shows similar amplitude to the model. Thus, the pattern of thermocline variability compares favorably with observations, but may be weaker in amplitude along the equator.
The interannual variability of the tropical Pacific Ocean can be summarized using the three SST indices originally suggested by Rasmusson and Carpenter (1982) based on ship tracks. Niño-1ϩ2 (0Њ-10ЊS, 90Њ-80ЊW) represents the region of upwelling off the coasts of Peru and Ecuador, Niño-3 (5ЊN-5ЊS, 150Њ-90ЊW) in the east central equatorial Pacific has been used extensively to portray observed ENSO events and their teleconnections to global climate, and Niño-4 (5ЊN-5ЊS, 160ЊE-150ЊW) in the west central equatorial Pacific is important for its proximity to the warm pool. To obtain the time series of these indices, the monthly mean SSTs are averaged over the appropriate area, the mean monthly cycle is removed, and a 5-month boxcar (equal weighted) smoother is applied, as in Trenberth (1997) . In addition, the equatorial Southern Oscillation index (EQSOI), defined (Bell and Halpert 1998) as the difference of the normalized sea level pressures between the eastern Pacific (5ЊN-5ЊS, 130Њ-80ЊW) and the western Pacific (5ЊN-5ЊS, 90Њ-140ЊE), is an index of the atmosphere-ocean coupling first identified by Walker (1924) .
Variability in the model is largest in the Niño-3 region (Fig. 5) , with a standard deviation of 0.69ЊC as compared with 0.57ЊC for Niño-4 and 0.46ЊC for Niño-1ϩ2. The EQSOI and Niño-3 SSTs are 180Њ out of phase with a correlation of Ϫ0.94. A strong (Quinn et al. 1987) warm event with a Niño-3 index exceeding 2ЊC occurs in model years 69-70, with a comparable cold event in model years 82-83. The model is able to simulate warm events similar to the large event of 1972/73 but is unable to reproduce the very strong warm events (e.g., 1982/ 83, 1997/98). The observed Niño-3 standard deviation for 1950-79 is 0.70ЊC and for 1950-98 is 0.86ЊC, the latter a period that some suggest has experienced changes in the frequency and magnitude of El Niño events partly due to observed increases in greenhouse gases (Trenberth and Hoar 1996) . A longer time series (1870-1999) of Niño-3 SSTs is available from the Global Sea Ice and Sea Surface Temperature dataset 2.3b (GISST2.3b; Parker et al. 1995; Rayner et al. 1996) . Niño-3 standard deviation of 0.74ЊC calculated for this longer observed time period also suggests stronger ENSO events in recent years. Observed standard deviations for the Niño-4 region vary from 0.55Њ to 0.60ЊC.
Wavelet decomposition of the model and observed time series of Niño-3 SSTs permits a determination of both dominant modes of variability and how these modes vary in time (Torrence and Compo 1998) . Assuming a red noise spectrum and using a chi-square distribution, the 95% confidence level can be determined. Using the last 140 yr from the CSM simulation, the dominant, statistically significant period is 2-4 yr but with significant power at 3-7 yr, especially in the first 50 yr (Fig. 6) . A strong decadal signal is also evident from model years 20-90. The observed wavelet power spectrum for GISST2.3b Niño-3 SSTs shows enhanced power in periods of 2-4 yr during both the late 1800s-early 1900s and since 1965. From 1925 to 1960, there were fewer warm and cold events. Larger power in the 4-7-yr range has occurred primarily since 1950. Significant power with similar amplitudes is present in both time series at decadal scales, which modulates the amplitude and frequency of the ENSO events.
Coupled ocean response a. Phase-locked composite interpretation
The warm and cold events associated with the ENSO variability of the model exhibit a very rich behavior with regard to amplitude, propagation characteristics,
The wavelet power spectrum of Niño-3 SST time series: (a) CSM, (b) GISST2.3b. The contour levels are 1Њ, 2Њ, 5Њ, and 10ЊC 2 , with the 95% significance level outlined in heavy black. Regions below the cone of influence are affected by the edges.
Hovmöller diagrams of equatorial Pacific SST anomalies (ЊC) for model years 50-100. Temperatures are averaged for 2ЊS-2ЊN, the annual cycle has been removed before computing the anomalies, and a 5-month boxcar smoother has been applied to the anomalies. and phasing (Fig. 7) . Some of the warm SST anomalies spread westward, some spread eastward, some display both characteristics, and some grow in place. Thus, the model events do not appear to exhibit any systematic phase propagation of SST. This was a problem for many earlier coupled models (Neelin et al. 1992) .
Most observed El Niños begin in northern spring and peak from November to January. The annual cycle of variance in the Niño-3 SSTs provides a measure of this behavior of ENSO (Fig. 8a) . The model annual cycle of Niño-3 variance has a maximum during January of 1.1ЊC and a minimum in June. A secondary maximum in late summer can be associated with the ''SST mode'' that can be seen in many of the model events (discussed later in this section). Maximum observed standard deviations occur in December with a broad minimum from March through June. The model and observed annual cycle have similar amplitudes.
Because the standard deviations of SST are phase locked with the annual cycle with the largest standard deviation of temperature anomaly in the Niño-3 area found in northern winter (DJF) in the model as in nature (Trenberth 1997) , a composite event can be constructed from model fields. To do this, the time series of monthly averaged SST averaged over the Niño-3 area, with the mean monthly climatology removed, is used as an index. A composite time series of various model fields is then constructed by finding those events that have the monthly Niño-3 SST anomaly greater than or equal to 0.5ЊC in January.
Using this method, 13 events are identified with Niño-3 anomalies greater than 0.5ЊC in January. Using the VOLUME 14 method suggested in Trenberth (1997) , choosing events in the Niño-3.4 area that are larger than 0.4ЊC for longer than five consecutive months, a total of 18 events are found, 12 of which are found by the first method. The one event not found by the Trenberth method, but found by the first method, has its peak more in the Niño-3 area and not in Niño-3.4. Thus, the CSM ENSO events are phase locked with the annual cycle more than twothirds (13/18) of the time.
The resulting composite ensemble Niño-3 anomaly of all phase-locked events is shown in Fig. 8b . Note that the actual peak SST anomaly does not necessarily occur in January, but generally is found either 1 month before or after the central January. The ensemble average, noted as a solid line, suggests that about 10 months before the peak in January the anomaly transitions from cold to warm with a slow buildup to the peak. The area remains warm for about 6 more months after the peak with a more rapid decline in SST. In the composite the warm anomaly is larger than the cold anomaly both prior to and following the warm event. However, there is quite a spread about the ensemble average.
The composite SST anomalies in the tropical Pacific show an evolution typical of observed ENSO events (Fig. 9) . For DJF, year 0 (DJF 0), cold SST anomalies straddle the equator from the South American coast westward to 160ЊE. By JJA 0, the warm event is being established in the eastern and central Pacific with the largest warm anomaly at 100ЊW. The maximum warm SST anomalies occur during DJFϩ1, with anomalies greater than 1ЊC covering the equatorial Pacific from 90ЊW to the date line. Maximum anomalies in the composite exceed 1.6ЊC at about 135ЊW in the Niño-3 area. By the subsequent northern summer, a cold event is evolving off the coast of South America with weak warm SST anomalies remaining near the date line.
To examine how the ENSO events evolve within the upper thermocline, the resulting composite temperature anomalies in the ocean model averaged between 2ЊN and 2ЊS are shown to 400-m depth in Fig. 10 . Figure  10 also displays the evolution of temperature anomalies from the 1997/98 event as produced from the National Centers for Environmental Prediction (NCEP) data assimilation model (Behringer et al. 1998 ) for comparison. The peak warm SST anomalies in the eastern Pacific appear during the DJFϩ1 season in the model composite. During the previous winter (DJF 0), a subsurface warm anomaly is found in the western Pacific. Concurrent with the appearance of the warm anomaly in the thermocline in the western Pacific is a cold anomaly at the surface in the eastern Pacific associated with the previous cold event. The subsurface maximum of the temperature anomalies, both cold in the east and warm in the west, appear to occur along the 20ЊC isotherm, which is shown as a solid line and can be seen to slope upward from west to east.
From DJF 0 to MAM 0, the subsurface anomaly starts to spread eastward and upward along the thermocline. From MAM 0 to JJA 0, the subsurface anomaly intensifies along the 20Њ isotherm. By DJFϩ1, the warm anomaly appears in the far eastern Pacific near the surface with amplitude of about 2.4ЊC and extending to considerable depths. In the central Pacific the warm anomaly extends from the surface to ϳ70 m. The reduced temperature gradient across the equatorial Pacific results in a flattening of the thermocline. The seeds of the subsequent cold event can be seen just west of the date line at a depth of ϳ100 m. This cold anomaly grows and spreads eastward and upward so that by DJFϩ2 it appears in the far eastern Pacific near the surface with amplitude of about 1.6ЊC (not shown).
Between JJA 0 and DJFϩ1, a warm surface anomaly grows peaking at 1.8ЊC just east of the date line in SON 0 (not shown). This appears to be a local coupled response since the SST anomaly is located just to the east of a strong westerly wind anomaly. This SST anomaly spreads westward and weakens in the composite between SON 0 and DJFϩ1. Such isolated SST anomalies near the date line can be seen in many of the events, warm and cold, with either no propagation or with a slight westward propagation. This may be the ''stationary SST mode'' described by Neelin (1991) , Jin and Neelin (1993a,b) , and Neelin et al. (1998) where at strong coupling, local growth mechanisms tend to dominate over basin adjustment processes.
The temporal and spatial evolution of the ENSO event in the CSM composite is comparable to the 1997/98
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event as produced in the NCEP data assimilation model. In both models, the thermocline as shown by the 20ЊC isotherm flattens out as the ENSO progresses and the warm anomalies spread eastward culminating in a nearly flat thermocline in DJFϩ1. However, the 20ЊC isotherm is shallower at all longitudes in the CSM than the NCEP model. The size of the temperature anomalies in the composite are considerably reduced compared to the 1997/98 NCEP event.
The 1997/98 warm event is one of the strongest Pacific warm episodes in the historical record. The composite event in the CSM model is an average of 13 events and as such is expected to have a smaller anomaly than a particular event. In addition, this CSM model simulation uses trace gases appropriate for the preindustrial era. Several events in the CSM are representative of more typical events from history. In particular, the temperature anomalies for DJFϩ1 for a single event, years 81-82, and from 2 recent events from history, the 1986/87 and 1997/98 events are compared in Fig. 11 . The single CSM event is comparable to the 1986/87 event but weaker than the very strong 1997/98 event.
b. Delayed oscillator interpretation
The delayed oscillator theory Battisti and Hirst 1989) explains, in the context of equatorial wave dynamics and local thermal coupling at the air-sea interface, the oscillation between warm and cold events as an instability in the mean state. Westerly wind stress anomalies along the equator associated with warm SST anomalies at the peak of the event force off-equatorial upwelling anomalies that travel westward as packets of Rossby waves, reflect off the western boundary as Kelvin waves, and propagate eastward returning into the forcing region some time later. These upwelling pulses erode the deep state of the thermocline during the warm event. Local coupled processes lead to cooling of the upper water and a return to cold conditions in the east. In this section, we attempt to characterize the relationship between the evolution of SST, thermocline displacements, and zonal wind stress anomalies associated with the ENSO variability in order to describe the model events within the context of delayed oscillator theory.
A key feature of the delayed oscillator theory is that the subsurface memory of the oscillation is carried by propagating anomalies of thermocline displacement. Anomalies in thermocline displacement as computed from the anomalies of the depth of the 20ЊC isotherm are shown for a 15-yr period in Fig. 12 . The mean monthly cycle has been removed. The first panel shows a series of westward propagating positive (downwelling) and negative (upwelling) anomalies averaged between 6Њ and 12ЊN. Note that the longitude axis is flipped so that east is to the left and west is to the right, rather than the normal orientation. Thus, westward phase propagation is suggested by contours sloping upward to the right. The next panel shows a continuation of the anomalies propagating equatorward along the irregular western boundary at about 150ЊE. The anomalies that reach the equator along the western boundary propagate eastward along the equator in the center panel. These equatorial anomalies reach the eastern boundary, at about 90ЊW, and propagate poleward. However, a significant loss of amplitude as compared to the anomalies at the western boundary is noted. This sequence in the model is comparable to thermocline displacements described by Schopf and Suarez (1988) and Battisti and Hirst (1989) . In fact, the anomalies in Fig. 12 exhibit the same reflection characteristics, phase speeds, and timescales of evolution as shown in Fig. 10 from Schopf and Suarez (1988) .
The key evidence of delayed oscillator physics is that the thermocline displacements at the western boundary on the equator must lead the anomalies in the Central Pacific zonal wind stress by about 12-16 months (Li and Clarke 1994; Mantua and Battisti 1994) . To quantify the coupled relationship between zonal wind anomalies and thermocline displacements, we calculate the lagged cross correlation between zonal wind stress averaged from 4ЊS to 4ЊN, 160ЊE to 164ЊW, c , the central Pacific wind stress index used in Mantua and Battisti (1994) , and the displacement of the 20ЊC isotherm averaged near the equator from 2ЊN to 2ЊS and off the equator from 6Њ to 12ЊN (Fig. 13a) . The mean monthly cycle is removed and a 5-point boxcar filter applied. A positive (negative) displacement corresponds to a deepening (shoaling) of the thermocline. A positive correlation results from upwelling and easterly wind stress anomalies or downwelling and westerly anomalies. Negative lag means the displacements lead the wind stress and vice versa. Correlations greater than about 0.27 are significant at the 95% confidence level (Sciremammano 1979) .
There is a significant positive correlation in the western Pacific (Fig. 13a) at a negative lag of between 6 and 13 months (maximum at 10 months), which propagates eastward with a phase speed of about 0.5 m s Ϫ1 . This positive correlation at negative lag means that thermocline displacements are leading the zonal wind stress anomalies on the equator with a similar lead time as predicted by delayed oscillator theory. At positive lag (winds lead displacements) the negative correlation in the west propagates eastward at similar phase speeds and reaches the eastern basin about 1 yr later.
North of the equator between 6Њ and 12ЊN (Fig. 13b ) in the central Pacific region and in the region to the west of the wind stress anomaly, the negative correlation suggests an upwelling (downwelling) signal is correlated to a westerly (easterly) anomaly at zero lag. This signal propagates westward reaching the western boundary about one-half year later, suggesting a phase speed of about 0.4 m s Ϫ1 . Figure 13a indicates that this signal reflects and propagates eastward along the equator to shut off the opposite signed anomaly in the eastern Pacific basin. This completes the event reversal in the east- ern Pacific about 12 months after the wind stress anomaly peaks along the equator. This timescale is in agreement with delayed oscillator theory. At negative lag, a positive correlation is found from the date line to the western boundary suggesting that thermocline displacements near the western boundary lead wind anomalies in the central Pacific near the equator. At the eastern boundary, a strong positive correlation at zero lag propagates westward with increasing positive lag (Fig. 13b ). This appears to be a reflection of the incident eastwardpropagating signal at the eastern boundary (Fig. 13a) into a western-propagating signal (Fig. 13b) . However, this reflected signal appears to propagate slowly westward and does not appear to reach the central basin. Also, the amplitude of the reflected signal appears rather weak.
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Another feature of the delayed oscillator physics is that the intermediate model of Battisti and Hirst (1989) suggests nonpropagating (or standing) SST patterns rather than propagating coupled SST modes (Neelin 1991) . Only slight evidence of propagation is found in the lag correlation plots of equatorial SST averaged from 2ЊN to 2ЊS correlated with the Niño-3 SST anomaly time series (Fig. 13c) . At negative lag a slight eastward propagation is noted west of the Niño-3 area, whereas at positive lag slight westward propagation is noted at the western edge of the Niño-3 region. Primarily, what Fig. 13c shows is a standing oscillation that grows in place east of the date line to the eastern boundary over about 1 yr.
Coupled atmospheric response
The work of Bjerknes (1966 Bjerknes ( , 1969 established the coupled nature of the oceanic El Niño and the atmospheric Southern Oscillation. The atmospheric response in the CSM conforms to previous observational studies (Deser and Wallace 1990; Wallace et al. 1998) by the correlation of the Niño-3 index with surface pressure and wind, and midlevel vertical motion, precipitation, and top-of-atmosphere outgoing longwave radiation (Fig. 14) . The Southern Oscillation is apparent in the correlations between sea level pressure and the Niño-3 index with warm events correlated with lower surface pressures in the eastern tropical Pacific and high surface pressures in the western Pacific and Indo-Australian region. Enhanced correlations in the southern ocean between the date line and 150ЊW are related to problems in simulating the ITCZ and the South Pacific convergence zone (SPCZ; Meehl et al. 2001 ).
Associated with the sea level pressure anomalies are surface wind anomalies (Fig. 14b) . Warm events are negatively correlated with the zonal wind across the central equatorial Pacific, that is, reduced strength or reversal of low-level easterlies. Maximum negative correlations in a narrow band at the equator occur in the central Pacific, west of 110ЊW longitude and west of the maximum SST anomalies. During individual ENSO events within the model, easterlies disappeared across the eastern tropical Pacific and surface westerlies appeared. Maximum lag correlations between zonal wind anomalies and Niño-3 occur over the western half of the Niño-3 area at Ϫ1 month to zero lag. Anomalous westerlies at 150ЊE longitude precede the event by 4-6 months.
Associated with the wind stress anomalies is enhanced low-level convergence west of the warm SST anomalies. Shifts in the deep convection and precipitation eastward during warm events are apparent in the correlations of Niño-3 anomalies to vertical motion at midlevels (Fig. 14c) , precipitation (Fig. 14d) , and net longwave radiation at the top of the atmosphere (Fig.  14e) . Negative correlations from 160ЊE to the South American coast for the midlevel vertical motion and the VOLUME 14 net top of atmosphere longwave radiation document the shift of deep convection to the eastern half of the tropical Pacific during warm events. Enhanced rainfall is collocated with the convection. The lag correlations show that for outgoing long wave radiation, which acts as a proxy for convective activity, anomalous convection shifts into the central Pacific as SSTs warm in the eastern Pacific. Maximum correlations occur at zero to ϩ1 month lag on the western edge of the Niño-3 region. In the western Pacific and Indo-Australian region, precipitation decreases. Shifts in the tropical convection are important for forcing extratropical anomalies. Surface pressure anomalies associated with warm and cold events in the tropical Pacific represent changes in the Hadley and Walker ciculations. Typically, during warm events, the Hadley circulation is enhanced at the expense of the Walker circulation, which also shifts longitudinally (Oort and Yienger 1996; Trenberth 1997) . Figure 15 shows the divergent wind component and velocity potential field at 200 mb during the peak of a warm event (January, year 82) and a cold event (January, year 83) in the simulation. During the warm event, the maximum of upper-level divergence shifts east of the date line and convergence in the eastern Pacific disappears. Divergent winds to the north and west are enhanced. During the cold event, upper-level divergence shifts west of the date line and there is enhanced convergence over the eastern Pacific.
Discussion and conclusions
The simulation of the mean climate of the tropical Pacific and its variability are significantly improved in the new version of the CSM. Improvements can be tied to changes in the ocean model formulation. In particular, this version incorporates improved latitudinal grid resolution, especially near the equator, decreased background vertical diffusivity, and an anisotropic horizontal viscosity formulation.
Simulation of the tropical Pacific thermocline is improved with the 16Њ-22ЊC thickness less diffuse and the east-west gradient of equatorial SSTs improved. Weaker zonal wind stress across the equatorial Pacific improves the westward extension of the cold tongue and equatorial precipitation. With these improvements, standard deviations of the monthly SSTs show a shift of maximum variability from the central Pacific (in the 300-yr simulation) to the eastern Pacific in the current simulation with maximum values at 125ЊW. The standard deviation of the Niño-3 SST anomalies (0.69ЊC for 140 yr) compares favorably with the Niño-3 SST anomalies computed using the historical dataset, GISST2.3b (0.74ЊC for 129 yr). The CSM model was found to show higher SST variability in the winter months as did the historical GISST2.3b data.
A wavelet analysis indicates that in the frequency domain, there is good agreement overall, but the GISST2.3b data show energy in lower-frequency bands (3-10 yr) as compared with the CSM output (2-4 yr mostly). Both display some decadal energy. Enfield and Cid (1991) suggest that when solar activity and the stratospheric quasi-biennial oscillation (QBO) are weak, ENSOs develop at shorter periods closer to 3 yr, a recurrence interval favored by the internal dynamics, while when solar activity is strong and the QBO well developed, ENSOs develop at intervals closer to 4 yr. The model with its poor stratospheric resolution cannot effectively resolve the QBO.
The evolution of the SST and subsurface temperature anomalies are in excellent agreement with recent observed events. The majority of the SST anomalies evolve as a standing mode with weak SST anomalies occurring in the northern spring in the eastern Pacific and with maximum anomalies in DJF, year 1, covering the eastern tropical Pacific to the date line. Concurrently, subsurface temperature anomalies spread eastward and upward along the tropical thermocline. However, the CSM consistently has a shallower thermocline in the western Pacific along the equator. This does not seem to affect the temporal evolution of the event. The magnitude of the thermocline temperature anomalies in the composite event compare well with moderate observed events, such as the 1986/87 event, but are about onehalf the observed magnitude of the largest events observed, such as the 1997/98 event of recent history.
There are well known, but not well understood, deficiencies in the annual cycle of SST on the equator in
the CSM integrations (Meehl and Arblaster 1998) . These include a stronger-than-observed semiannual component with a minimum occurring in both northern early spring and autumn seasons, the warming appearing later in the spring and for a shorter duration, and the amplitude being too large in the central and western Pacific regions. However, even with these deficiencies this simulation shows that about two-thirds of the warm events are phase locked with the annual cycle with peak warming occurring in northern winter months. It has been shown that a good seasonal cycle of SST is not required to achieve good interannual variability (Neelin et al. 1992; Battisti 1988) . However, it is thought that there is some nonlinear interaction between the annual cycle and the ENSO events because most observed ENSO events are phase locked with the annual cycle and the amplitude of the annual cycle may depend on the phase of ENSO (Gu and Philander 1995) . Battisti (1988) suggests that the reason that warmings peak in northern winter months in the eastern Pacific is due to the fact that in northern autumn, upwelling, zonal currents, and zonal temperature gradients are all stronger, thereby enhancing temperature advection. An enhanced tendency in northern autumn would favor winter as the season where peak temperature anomalies would be found. One of the successes of the CSM simulations with regard to the annual cycle is that the seasonal cooling in northern fall occurs at the right phase with about the right amplitude. It suggests a realistic seasonal cycle of SST in the northern autumn season may be an important contributor to getting the variability phase locked to the annual cycle.
The temporal and spatial evolution of a warm event and subsequent cold event within the upper thermocline displays features of the ''delayed oscillator'' mode. The standard deviation of thermocline displacements, as computed from anomalies in the depth of the 20ЊC isotherm, along the equator compare favorably with observed analyses (Kessler 1990; Meinen and McPhaden 2000) . Hovmöller diagrams of thermocline displacement indicate eastward propagation along the equator and westward propagation off the equator. Warm events (deep anomalies) are ended as a shallow anomaly propagates in from its genesis earlier off the equator at the peak of the warm event.
Thermocline displacement anomalies at the western boundary are precursors to the warming in the central Pacific in the CSM. The lagged cross correlations clearly indicate that off-equator upwelling (downwelling) displacements are forced by westerly (easterly) winds on the equator in the central Pacific, which propagate back into the forcing region about 10 months later to begin the reversal of the event. There has been some controversy over the size of the lag correlation between the central equatorial zonal wind stress index and western boundary displacements. Li and Clarke (1994) found a weak correlation between sea level displacements and zonal wind stress in the central Pacific. They suggested that this was not consistent with delayed oscillator theory since the original intermediate models showed very strong correlations. Mantua and Battisti (1994) argued that weaker correlations should be expected for more realistic models and observations where events occur with more irregularity than in simpler models. The size of the maximum lag correlation coefficient between the thermocline displacement at 135ЊE off the equator and the anomaly of the central Pacific zonal wind stress is 0.29 in the CSM, which, while significant at the 95% confidence level, is a low correlation. The correlation does compare favorably with the hindcast of Mantua and Battisti (1994) for the years 1961-92. The lead time shown here is similar to the 12-16 months predicted by the delayed oscillator theory (Mantua and Battisti 1994) and to the lead time shown by Schopf and Suarez (1988) . Both models show eastward-propagating signals with a similar phase speed and similar correlation coefficients.
Some of the features of the CSM are also consistent with the buildup hypothesis of Wyrtki (1985) . Wyrtki (1985) hypothesized that strengthening easterlies would lead to a buildup of warm surface water in the western Pacific. Once an event was triggered, the warm water stored in the west is transferred eastward accompanied by warming. This simulation indicates that a buildup of the upper layer of warm water, with deepening in the west, leads the westerly wind anomalies in the central Pacific and the warm SST anomalies in the eastern Pacific by about 10 months. At positive lag, easterly wind anomalies appear to set up the deepening in the western Pacific with a lead time of 2-4 months. Kessler and McPhaden (1995) show that the evolution of ENSO during the years 1991-93 was not completely consistent with either Wyrtki's hypothesis or delayed oscillator physics because no downwelling thermocline displacement near the western boundary was a precursor to the central Pacific warming observed during the 1991/ 92 event. However, the 1991/92 event did terminate because of an upwelling displacement that was generated during the peak warming phase of the event. In addition, there was a weaker warming in early 1993 that occurred during a time when the thermocline was shallower than normal. These observations seem to cast doubt on the delayed oscillator as the mechanism for every warm event observed. In the CSM, for the 50-yr period examined here, all of the warmings exceeding a threshold value of 0.5ЊC for the 5-month smoothed Niño-3 time series are lead by positive (deepening) displacements of the thermocline near the western boundary. However, there is no relationship between size of the displacement and size of warming 1 yr later. Local coupled processes at the air-sea interface may be more responsible for determining the size of the warming or cooling than remote effects.
The coupled tropical Pacific atmospheric response to warm oceanic events also agrees with observational analyses with a negative Southern Oscillation pattern in sea level pressure, lower surface pressures in the eastern VOLUME 14 J O U R N A L O F C L I M A T E tropical Pacific, and higher surface pressures in the western tropical Pacific. Warm events are negatively correlated with the surface zonal wind with maximum negative correlations in a narrow band at the equator west of the maximum SST anomalies. Associated with these zonal wind anomalies is enhanced low-level convergence and deep convection to the west of the warm SST anomalies and a shift in the tropical Pacific Walker circulation. The most notable deficiency in the atmospheric response to ENSO events is the enhanced surface pressure correlations in the southern ocean associated with deficiencies in simulating the SPCZ.
The CSM thus captures the observed interannual variability in the central tropical Pacific. This improvement is encouraging as observational studies suggest that the anomalous SSTs in this region and resulting anomalous deep convection and midtropospheric heating are responsible for forcing teleconnections to midlatitude weather. Indeed, future work will assess these teleconnections in the CSM. Observed El Niños occur irregularly with periods of 3-7 yr. Although the CSM warm events occur more frequently, with periods 2-4 yr, this simulation is for preindustrial conditions with no transient forcing included. Future simulations will assess the possibility of transient forcing, volcanic episodes, solar cycles, and trace gas concentrations, favoring less regular events. Improved simulation of tropical Pacific variability (ENSO) in the CSM make this model applicable to studies of variability and teleconnection patterns for climates with different background states, both in the past and the future.
